Vascular occlusion sites largely determine the pattern of cerebral tissue damage and likelihood of subsequent reperfusion after acute ischemic stroke. We aimed to elucidate relationships between flow obstruction in segments of the internal carotid artery (ICA) and middle cerebral artery (MCA), and (1) profiles of acute ischemic lesions and (2) probability of subsequent beneficial reperfusion. Embolic stroke was induced by unilateral intracarotid blood clot injection in normotensive (n ¼ 53) or spontaneously hypertensive (n ¼ 20) rats, followed within 2 hours by magnetic resonance (MR) angiography (MRA), diffusion-(DWI) and perfusion-weighted magnetic resonance imaging (MRI) (PWI). In a subset of animals (n ¼ 9), MRI was repeated after 24 and 168 hours to determine the predictive value of the occlusion pattern on benefit of reperfusion. The extent of cerebral perfusion and diffusion abnormality was related to the pattern of flow obstruction in ICA and MCA segments. Hypertensive animals displayed significantly larger cortical perfusion lesions. Acute perfusion-diffusion lesion mismatches were detected in all animals that subsequently benefitted from reperfusion. Yet, the presence of an angiography-diffusion mismatch was more specific in predicting reperfusion benefit. Combination of DWI, PWI, and MRA exclusively informs on the impact of arterial occlusion profiles after acute ischemic stroke, which may improve prognostication and subsequent treatment decisions.
INTRODUCTION
Acute magnetic resonance imaging (MRI) significantly contributes to early diagnosis and subsequent treatment planning in patients suffering from acute ischemic stroke. 1 Tissue amenable for thrombolytic treatment may be identified from a volumetric mismatch between brain areas with reduced tissue diffusion and perfusion, i.e., the perfusion-diffusion mismatch, measured from diffusion-(DWI) and perfusion-weighted imaging (PWI). 2 However, the perfusion-diffusion mismatch may also overestimate the area of tissue at risk of infarction or exclude potentially salvageable tissue. 3 A major factor in the development of an ischemic lesion is the location and extent of vessel occlusion, which may be identified by angiography. Recently, the concept of a magnetic resonance (MR) angiography (MRA)-diffusion mismatch has been introduced, which indicates the presence of intracranial vessel occlusion or stenosis detected with MRA and a relatively small lesion detected with DWI. 4 The angiography-diffusion mismatch represents tissue without diffusion abnormality within the vascular territory of the occluded artery, i.e., tissue at risk. However, the concept of the angiography-diffusion mismatch has been disputed as it may disregard possible compensatory mechanisms of collateral flow from other feeding arteries, and as such may overestimate tissue at risk of infarction. 3, 5, 6 The aims of the current study were to determine the relationship between ischemic lesion patterns and vascular occlusion profiles, and to compare the efficacy of the perfusion-diffusion and angiography-diffusion mismatch paradigms in predicting benefit from subsequent reperfusion. Our experimental study in which acute embolic stroke was induced in normotensive rats, and in spontaneously hypertensive rats (which have impaired collateral flow 7 ), allowed us to (1) correlate the development of acute ischemic lesions, as measured with DWI and PWI, with the pattern of flow obstruction in segments of the Circle of Willis, as measured with MRA, and (2) establish the sensitivity and specificity of the angiography-diffusion and perfusion-diffusion mismatch concepts to predict tissue salvageability on reperfusion.
MATERIALS AND METHODS

Experimental Stroke Model
This study involved post hoc analysis of imaging data from animals that were used in two randomized treatment studies 8 (Tiebosch, Bouts, Dijkhuizen, unpublished data, 2013) . The objectives, angiography data, and analyses in the present study are original and were not part of the earlier treatment papers.
Animal procedures were conducted according to the guidelines of the European Communities Council Directive and approved by the Ethical Committee on Animal Experiments of the University Medical Center Utrecht and Utrecht University. Rats were intubated and mechanically ventilated with 2% isoflurane in air to O 2 (2:1). All animals received a 5 mg/ kg injection of gentamicin as antibiotic, and a 2.5 mL injection with glucose (2.5%) in saline to prevent dehydration. Body temperature was maintained at 37.5 ± 0.5 1C with a temperature-controlled heating pad. Thromboembolic stroke was induced as described earlier. 8, 9 In brief, the right carotid artery was exposed by a ventral incision in the neck. A modified catheter was advanced into the internal carotid artery (ICA), until the tip was positioned just proximal to the middle cerebral artery (MCA). A homologous blood clot was injected slowly followed by careful removal of the catheter. The wound was closed and animals were prepared for MRI (see below).
Postoperative care included additional subcutaneous injections with 0.03 mg/kg buprenorphine (Temgesic s , Schering-Plough, Houten, The Netherlands) and 2.5% glucose in saline (2.5 mL) for compensation of fluid loss. The animals were daily weighed, and excessive weight loss during the first 3 days after stroke was partly compensated with daily Ringer's lactate administration (0 to 10 mL, depending on the amount of loss of body weight).
Right-sided unilateral stroke was induced in normotensive male Wistar rats (normotensive group; n ¼ 82, 341±39 g) (Harlan, Venray, The Netherlands) 8 or spontaneously hypertensive Wistar-Kyoto rats (hypertensive group; n ¼ 24, 303 ± 21 g) (Charles River, Sulzfeld, Germany) (Tiebosch, Bouts, Dijkhuizen, unpublished data, 2013), by intracarotid injection of a homologous blood clot-obtained 24 hours before stroke induction-near the bifurcation of the ICA and MCA.
Animals were included for this study if MRA, DWI, and PWI (see below) were acquired within 2 hours after stroke onset, and if acute tissue and perfusion lesion volumes were larger than 1 mm 3 . From a subset of rats (seven normotensive and two hypertensive rats) that underwent follow-up MRI, we included animals that showed effective reperfusion at 24 hours after stroke, defined as a perfusion lesion volume reduction of 430% compared with the acute perfusion lesion volume, 4 to assess reperfusion benefit.
Magnetic Resonance Imaging and Angiography
The MRI was conducted on a 4.7-T scanner (Agilent, Palo Alto, CA, USA) immediately after stroke induction, and repeated at 24 and 168 hours after stroke onset in a subset of animals. Animals were mechanically ventilated with 2% isoflurane in air to O 2 (2:1).
For all MRI acquisitions, field-of-view was set to 32 Â 32 mm 2 , with 1 mm slice thickness. The MRI protocol consisted of multiple spin-echo T 2 -weighted images (repetition time 3,600 ms; echo time 12 to 144 ms; data matrix size 256 Â 128 Â 19) for reconstruction of quantitative T 2 maps by nonlinear least square fitting. Maps of the apparent diffusion coefficient (ADC) were calculated from diffusion-weighted 8-shot echo planar imaging (repetition time 3,500 ms; echo time 38.5 ms; b values 0 and 1,428 s/mm 2 ; 6 diffusion-weighted direction; data matrix size 128 Â 128 Â 19). Dynamic susceptibility contrast-enhanced MRI was executed with gradient echo planar imaging (repetition time 330 ms; echo time 25 ms; data matrix size 64 Â 64 Â 5) in combination with an intravenous bolus injection of 0.35 mmol/kg gadobutrol (Gadovist, Schering, The Netherlands). Maps of the cerebral blood flow, cerebral blood volume, mean transit time (MTT), and bolus peak time (T max ) were subsequently acquired by circular deconvolution of the tissue concentration curves with an arterial reference curve obtained from the contralateral hemisphere. 10 Magnetic resonance angiography was executed with a flow-compensated 3D time-of-flight sequence (gradient echo; repetition time 15 ms; echo time 2.66 ms; fieldof-view 32 Â 32 Â 32 mm 3 ; data matrix size 128 Â 128 Â 128).
Image Processing and Analysis
Voxels with abnormal ADC (i.e., tissue lesion) or MTT (i.e., perfusion lesion) were identified from differences of 42 standard deviations from mean contralateral tissue values in four consecutive slices. 10 Perfusion-diffusion mismatch volume was calculated from the difference between the total volumes of ADC and MTT abnormality. The presence of a significant perfusion-diffusion mismatch was confirmed when the MTT-based perfusion lesion volume was 20% larger than the ADC-based tissue lesion volume. 4 Sites of flow obstruction were assessed on MR angiograms by an experienced observer (IT). Vessel segments were scored for the presence ('0') or the absence of flow ('1'), to warrant unambiguous identification of complete occlusion. 4, 5 Subsequently, arterial occlusion patterns were categorized in eight different 'Occlusion Severity' grades according to occlusions of the ICA and/or the proximal (M1) or distal (M2) branches of the MCA (Table 1) .
Angiography-diffusion mismatch was defined as the presence of ICA and/or MCA occlusion in combination with an ADC-based tissue lesion volume of o24 mm 3 (proportional to the defined 25 mL in B1,030 Â larger human brain 4 ). In addition, we defined a combinatory angiography-perfusion-diffusion mismatch characterized by a perfusion-diffusion mismatch in the presence of ICA and/or MCA occlusion.
Benefit of reperfusion was defined as the absence of lesion growth beyond 10% of the acute ADC-based tissue lesion volume, as measured from the follow-up T 2 lesion volume at poststroke day 7 (calculated as the ipsilateral tissue volume with T 2 values above 2 standard deviations from mean contralateral tissue values 10 ).
To test the predictive value of the two mismatch models, animals were divided into four groups for each mismatch model: those with a mismatch that subsequently benefitted from reperfusion (true positive, TP), those with a mismatch that subsequently did not benefit from reperfusion (false positive, FP), those without a mismatch that benefitted from reperfusion (false negative, FN), and those without a mismatch that did not benefit from reperfusion (true negative, TN). Sensitivity (TP/(TP þ FN)), specificity (TN/(FP þ TN)), and odds ratio (OR) of benefit of reperfusion were calculated for animals with an acute perfusion-diffusion mismatch or angiography-diffusion mismatch.
Statistics
Fisher's exact test was applied to determine differences in distribution of the vessel occlusion grades. Lesion volumes were compared using a Kruskal-Wallis test, with post hoc Mann-Whitney testing with false discovery rate correction for multiple comparisons. Linear mixed effects regression was used for correlating lesion volumes with the corresponding vessel occlusion grades. Odds ratios were calculated from 2 Â 2 tables with Haldane's correction for sparse data.
RESULTS
A total of 73 rats (53 normotensive and 20 hypertensive animals) fulfilled the inclusion criteria, i.e., MRA and MRI within 2 hours, and acute ADC-and MTT-based lesion volumes larger than 1 mm 3 . Figure 1 shows examples of MR angiograms of rats' Circle of Willis with the absence of flow in the ipsilateral ICA, proximal (M1), and/or distal (M2) segments of the MCA acutely after intracarotid blood clot injection. In all, 36% and 45% of the normotensive and hypertensive animals, respectively, did not display absolute vessel occlusion of the ipsilateral ICA or MCA. The MRA data from all other animals showed unequivocal occlusions, with largest incidence of ICA occlusion with (occlusion grade VIII) or without (occlusion grade III) complete occlusion of the MCA (Table 1 ). Figure 1 also shows the acute tissue and perfusion lesion on ADC and MTT maps, respectively, corresponding to the vessel occlusion grades as shown in the MR angiograms. The topographic distribution of acute tissue and perfusion lesions depended on the vessel occlusion pattern. Figure 2 shows lesion incidence maps for the different occlusion grades. Occlusion grades I and III, with incomplete occlusion of the MCA, resulted in mainly subcortical lesions in normotensive animals, with additional cortical involvement in hypertensive animals. This was also observed for single occlusion of the ICA (grade III). Occlusion grade II, which involved occlusion of the distal (M2) part of the MCA only, primarily affected cortical tissue. Occlusion of the proximal (M1) part of the MCA (grades V, VI, VII, and VIII) resulted in lesions in subcortical and cortical areas, with largest lesion volumes when flow was obstructed in ICA, MCA.M1, and MCA.M2 (occlusion grade VIII). Quantified acute tissue and perfusion lesion volumes are shown in Figure 3 , which showed that flow obstruction involving ICA and both branches of the MCA, resulted in significantly larger acute tissue lesions as compared with occlusion patterns in which flow in the proximal part of the MCA (MCA.M1) was preserved (Po0.05). However, the area of hypoperfusion was not significantly different between occlusion grades.
Hypertensive animals developed larger perfusion lesion volumes than normotensive animals, with largest difference for grade II and VIII occlusions (Po0.05). Acute tissue diffusion lesion volumes were also larger in hypertensive animals as compared with normotensive animals (61.8 ± 55.5 versus 20.9 ± 17.9 mm 3 ), but statistically this was not significantly different.
Significant difference between the individual acute perfusion and tissue lesion volumes, i.e., perfusion-diffusion mismatch, was observed for normotensive rats in occlusion grades II, III, and VII, and only for hypertensive rats in occlusion grade I (Po0.05).
In the subset of rats that underwent follow-up MRI, reperfusion-i.e., 430% reduction in perfusion lesion volumewas observed in seven normotensive rats and two hypertensive rats. Follow-up T 2 lesion volumes at poststroke day 7 were significantly smaller than acute perfusion lesion volumes, and similar in size as acute diffusion lesions (see Figure 4 and Table 2 ). Ultimate lesion volume in reperfused hypertensive rats was larger than in reperfused normotensive rats (89.8±29.9 versus 18.1±18.1 mm 3 ). Benefit from reperfusion was observed in all seven normotensive animals, but not in hypertensive animals. Perfusion-diffusion mismatch was detected in all nine animals, whereas an angiography-diffusion mismatch was observed in 44% of the animals. All animals with an angiography-diffusion mismatch also displayed a perfusion-diffusion mismatch. Benefit from reperfusion occurred in seven out of nine animals with a perfusion-diffusion mismatch (OR ¼ 2.6), and four out of four animals with an angiography-diffusion mismatch (OR ¼ 3.8).
Although the sensitivity to detect reperfusion benefit was lower than that of the perfusion-diffusion mismatch (0.56 versus 0.89), the angiography-diffusion mismatch showed higher specificity (0.75 versus 0.25).
Combinatory angiography-perfusion-diffusion mismatch was detected in 67% of the animals of which six out of six with reperfusion benefit (OR ¼ 10.5). Compared with the angiographydiffusion mismatch, sensitivity was increased (0.78 versus 0.56) with similar specificity (0.75).
DISCUSSION
In this study, we characterized the pattern of acute tissue and perfusion lesions in relation to the site of arterial flow obstruction after embolic stroke in rats, and assessed the potential of these profiles to predict benefit from reperfusion. We found that partial or complete occlusion of the ICA with incomplete flow obstruction in the proximal segment of the MCA (M1) resulted in predominantly subcortical lesions. Occlusions of the distal (M2) segment of the MCA resulted in primarily cortical injury. Large cortical and subcortical lesions were found when flow was lost in ICA and MCA segments. Lesion volumes were increased in hypertensive animals, which were particularly associated with a larger area of cortical hypoperfusion. Furthermore, we found that an angiography-diffusion mismatch was more specific in predicting potential benefit from reperfusion than a perfusion-diffusion mismatch. However, in contrast to consistent presence of an acute perfusion-diffusion mismatch in animals that benefitted from reperfusion, not all animals with reperfusion-induced prevention of lesion enlargement displayed an angiography-diffusion mismatch acutely after stroke.
In this study, we assessed the presence or absence of vascular flow in three segments of the ICA and MCA, distinguishing eight occlusion severity grades. Smallest volumes of acute abnormality on DWI were noted when partial flow was present in the ipsilateral ICA and MCA, whereas larger lesion volumes were observed for higher severity grades with complete vascular occlusions. This in line with previous studies that reported large infarct lesions in tandem occlusions of the ICA and the MCA, or proximal occlusions of the MCA, both in rats 11 and in patients. [12] [13] [14] The area of perfusion abnormality differed less between occlusion grades, and significant perfusion-diffusion mismatch volumes were observed in ICA-and MCA.M2-occluded normotensive rats in which flow in MCA.M1 was partially preserved. This can be explained by the availability of alternative vascular routes that can compensate for the loss of flow from the main territorial artery. This compensatory flow may originate from other large vessels of the Circle of Willis, as well as leptomeningeal or extracranial arteries. 11, 13, 15, 16 Occlusions of MCA.M1 were associated with relatively large lesions. Lenticulostriate arteries that originate from the proximal segment of the MCA form important perforating end connections to the basal ganglia and internal capsule, which receive little or no collateral blood flow. 17 Consequently, occlusion of the proximal segment of the MCA is typically performed to induce large, reproducible lesions in experimental stroke models, 11, 15, 18 and has been considered as a trade-off point for good outcome in clinical stroke patients. 14, 19 Rats with chronic hypertension developed larger acute and follow-up ischemic lesion volumes than those with normal blood pressure, in agreement with previous studies. 20, 21 Chronic hypertension as a comorbidity may affect small arterial and arteriolar integrity via vascular hypertrophy, endothelial dysregulation, and atherosclerosis. These vascular alterations can significantly increase sensitivity to flow reductions and may also affect compensatory flow capabilities. 11, 21, 22 This can explain the lower incidence of perfusion-diffusion mismatches in hypertensive rats (it was only observed in animals with incomplete flow obstruction in all ICA and MCA segments). Furthermore, occlusion of the distal part of the MCA resulted in larger perfusion and tissue lesions in cortical tissue, suggestive of deficient recruitment of cortical arterial collaterals from leptomeningeal anastomoses and distal collaterals from the Circle of Willis in these animals. 7 However, larger lesions in spontaneously hypertensive rat strains may also be explained by higher tissue vulnerability linked to specific genetic factors. 20, 23 Figure 2. Incidence maps of tissue diffusion and perfusion abnormality in normotensive and hypertensive rats with different arterial occlusion patterns (grade IV was not present in any of the animals). Maps of lesion incidence (% of sample size) are overlaid on a coronal slice from a T 2 -weighted anatomic rat brain template.
The angiography-diffusion mismatch, defined in acute stroke patients by a relatively small lesion on DWI in combination with MRA-based evidence of an intracranial stenosis or occlusion, has been proposed as an alternative means to identify patients that may benefit from reperfusion. 4 Our study in a rat embolic stroke model shows that animals with an angiography-diffusion mis-match showed no further lesion growth, with increased prediction specificity as compared with the perfusion-diffusion mismatch. Yet, some animals without an angiography-diffusion mismatch, but with a perfusion-diffusion mismatch, also displayed a therapeutic effect of reperfusion. Benefit from reperfusion is not only dependent on the site and extent of vascular occlusion, 24 but . Incidence maps of acute tissue diffusion and perfusion abnormality, as well as follow-up T 2 abnormality in normotensive rats with different arterial occlusion patterns (grades IV, V, VI, and VII were not present in this subset of animals). Maps of lesion incidence (% of sample size) are overlaid on a coronal slice from a T 2 -weighted anatomic rat brain template.
also depends on local microvascular patency 25 and capability to accommodate collateral flow to the affected area. 16 Collateral flow may not only prolong tissue salvageability, 3, 19 it may also improve thrombolytic efficacy by providing additional delivery routes to the site of occlusion. 13 Despite the potential of the angiographydiffusion mismatch to aid in identifying tissue salvageability on reperfusion, it does not provide direct information on local perfusion or collateral flow. 3, 26 Additionally, MRA (especially timeof-flight MRA) has decreased sensitivity to flow in more distal parts of the arterial tree, which may lead to inexact assessment of the degree of arterial obstruction. 6 Future studies that include methods that enable quantitative measurement of collateral flow could significantly contribute to better understanding of the perfusion-diffusion mismatch and improved assessment of tissue salvageability after stroke.
Some caution in interpretation of our findings on mismatch volumes may be warranted. Due to the retrospective nature of our study, relatively small and unmatched subset of animals were used in this part of the analysis, which may have influenced statistical power. Benefit of reperfusion was defined as the absence of lesion growth derived from T 2 -based follow-up imaging compared with acute ADC-based tissue lesion volumes. Although these measures allow estimation of macroscopic lesion size, they do not provide explicit details on the histologic status of poststroke brain tissue. Furthermore, it remains to be determined how changes in lesion growth actually translate to alterations in functional outcome.
We applied, after proper adjustments for rat brain, thresholds that have been previously used in clinical studies to determine the tissue amenable for treatment. 1, 4 However, cerebral ischemia is a dynamic process in which development of penumbral tissue depends on the severity and duration of ischemia. Single thresholds to dichotomize tissue in normal and lesioned tissue may oversimplify the underlying complex processes on an individual basis. 27 The acute lesion on DWI is key in estimating both the perfusiondiffusion and the angiography-diffusion mismatch. The DWI lesion is assumed to identify the nonviable ('core') tissue. However, in line with earlier studies, 27 we observed partial recovery of the acute tissue lesion on DWI as compared with the actual irreversibly damaged tissue at follow-up (data not shown). Reversibility of diffusion abnormality is still a matter of debate, 27,28 but recent MR/PET studies revealed spatial variability of the metabolic rate of oxygen within acute DWI lesions with preserved viability in some parts. 3 Obviously, the use of complementary information on the severity of hypoperfusion, such as measured with PWI, contributes to improved assessment of ischemic tissue. Furthermore, voxel-based mappings, rather than regional analysis, may improve diagnostic accuracy by calculation of maps of statistical infarction probability, 10 collateral flow index, 29 or vascular territory. 30 The latter can be accomplished with MRA that would aid in outcome prediction based on the specific pattern of vascular occlusion. 13, 31 In conclusion, combined DWI, PWI, and MRA provide complementary insights into the cerebral and vascular status after acute ischemic stroke, which may advance outcome prediction and could improve treatment decision making. ADM, angiography-diffusion mismatch; APDM, angiography-perfusion-diffusion mismatch; OR, odds ratio; PDM, perfusion-diffusion mismatch.
